Abstract-The paper proposes a way of designing state feedback controllers for affine Takagi-Sugeno-Kang (TSK) fuzzy models. In the approach, by combining two different control design methodologies, the proposed controller is designed to compensate all rules so that the desired control performance can appear in the overall system. Our approach treats all fuzzy rules as variations of a nominal rule and such variations are individually dealt with in a Lyapunov sense. Previous approaches have proposed a similar idea but the variations are dealt with as a whole in a robust control sense. As a consequence, when fuzzy rules are distributed in a wide range, the stability conditions may not be satisfied. In addition, the control performance of the closed-loop system cannot be anticipated in those approaches. Various examples were conducted in our study to demonstrate the effectiveness of the proposed control design approach. All results illustrate good control performances as desired.
I. INTRODUCTION
T HE STUDY of stable analysis and control design for fuzzy systems has attracted many researchers recently. In the control design study, there are two types of control design problems found in the literature. The first one is to design a fuzzy controller for a nonlinear or unknown system, and the other is to find a controller for a fuzzy system. In the former case, a so-called adaptive fuzzy control is usually used. Generally, the basic objective of adaptive control is to maintain consistent control performance in the presence of large uncertainties or unknown variations in plant parameters or structure [1]- [4] . In those papers, some adaptive laws are proposed to guarantee the stability of the system in the sense of Lyapunov. By combining other learning approaches, or by considering different control properties, various variations of adaptive fuzzy control Manuscript received October 29, 2003; revised February 14, 2004 . In this paper, we reported our study on the issue of finding a suitable controller for a fuzzy system. In this study, the structure and parameters of the fuzzy controller are fixed and we shall find a way of designing fuzzy controllers to satisfy requirements. For the analysis of stability of fuzzy system, based on the Lyapunov stability criterion, Tanaka and Sugeno (T-S) [14] have proposed a useful theory for conservatively assuring the stability of a Takagi-Sugeno-Kang (TSK) or T-S fuzzy model [15] . The theory states that if a common positive definite matrix required in Riccati equations can be found for all fuzzy rules, the fuzzy model is stable in the sense of Lyapunov. Thathachar et al.
[16] also proposed a necessary condition and a sufficient condition for the stability of fuzzy systems. They showed that under a formal sufficient condition, a common Lyapunov matrix exists for all subsystems. It is easy to see that to analytically find such a matrix is a linear matrix inequality (LMI) problem [17] , [41] . Based on the LMI concept, Kim et al. [18] proposed a numerical stability analysis method for singleton-type linguistic fuzzy control systems. Most of recent fuzzy control design approaches are to employ the parallel-distributed compensation (PDC) concept [19] , in which controllers are designed individually for fuzzy rules and then stability condition is checked through LMI to validate the design. Some relaxed LMI stability conditions are also proposed in [20] and [21] . Parametric uncertainties regarding those approaches are dealt with in [22]-[24] . However, those methods are stability checking approaches instead of design approaches. When the designed controller cannot satisfy the stability criterion, another controller is tried. Such a process is somehow a trial-and-error design procedure. Lam et al. [25] proposed a designing method that can be used to help solving the relaxed LMI problem and in the approach, the feedback gains of the subsystem are determined by using a genetic algorithm, which can also be viewed as a trial-and-error procedure. Another problem rises when the number of rules is large because it may be difficult to find solutions for LMI in that case. Moreover, since the validation of LMI is only for stability, the control performance assured in individual rules cannot be anticipated in the overall system performance under those design approaches.
Several [20] and the other part is to satisfy global stable conditions. Note that in these approaches, the homogeneous fuzzy systems are considered. Here, "homogeneous" means that the consequent parts are linear equations without constant terms. Such fuzzy systems can only represent a certain class of nonlinear systems. Kim et al. [30] proposed a discrete iterative LMI approach to analyze stability for discrete affine fuzzy systems, where "affine" means that the consequent parts are linear equations with constant terms. However, the above approaches may become infeasible, when the number of rules is large. It is because the analysis techniques are to find a common positive definite matrix for all subsystems (fuzzy rules) to fulfill the Lyapunov stability analysis. It is difficult to find such a matrix when the rule number is large. Sometimes, there does not even exist such a matrix.
Other approaches also exist that do not make use of the common Lyapunov matrix validation scheme. Kang et al. [31] proposed a controller that is inferred by using their consistency conditions [32] , but the desired performance has not yet been addressed. Kiriakidis et al. [33] viewed a TSK fuzzy model as a linear system subject to a class of nonlinear uncertainties and claimed that the computational cost of checking such a stability criterion is less than that of finding a common Lyapunov matrix. However, this approach leads to a convex programming problem and the design procedure is still in a trial-and-error manner. Feng [34] proposed a sufficient condition, which leads to a search algorithm for solving a Riccati equation, and then a state feedback can be designed accordingly for such a system. Zak [35] also proposed a design algorithm to obtain a controller, which is separated into two parts to stabilize the nominal system and variations residing in all fuzzy rules, respectively. This approach is to treat variations of all rules as a whole in a robust control sense. For those approaches, when subsystems are distributed in a wide range, the upper bound of such variations may become large, and then the stabilization algorithm may fail. In addition, the control performance of the closed-loop system cannot be anticipated. In this paper, we proposed a novel robust control design approach that can design controllers directly for affine continuous or discrete time fuzzy systems and the closed-loop performance can be theoretically anticipated. This paper is organized as follows. Section II describes the affine TSK fuzzy model. The proposed controller is introduced in Section III. Both continuous-time cases and discrete-time cases are discussed. Section IV shows simulation results for both continuous and discrete-time examples. Finally, Section V concludes the paper.
II. CONTROL DESIGN FOR AFFINE TSK FUZZY MODELS
The considered problem is that a system is described by a set of fuzzy rules and we want to develop a way of designing controllers for such a system. The considered fuzzy models are first introduced in [14] 
where for with is the time derivative of . Then, the consequence part can also be written as , where , and are the same as those in the discrete case, and . Similarly, the related items for a continuous affine TSK fuzzy model can be defined.
In the literature, based on the Lyapunov theorem, several design approaches have been proposed to design stable controllers
